ABSTRACT: The lack of sensors for low cost, extensive, and continuous detection of vapor pollutants is a serious concern for health and safety in industrialized urban areas. Colorimetric sensors, such as distributed Bragg reflectors made of polymers, could achieve this task thanks to their low cost and easy signal transduction but are typically affected by low vapor permeability and lack of selectivity without chemical labeling. Here we demonstrate all-polymer Bragg multilayers for label-free selective detection of organic volatile compounds. The system exploits the ability of amorphous poly(p-phenylene oxide), PPO, to uptake large amount of guest molecules and to form cocrystalline phases with distinct optical properties. Bragg stacks embedding PPO active layers show selective colorimetric response to vapors of carbon tetrachloride and aromatic homologues, which can be revealed by the naked eye.
INTRODUCTION
Detection of atmospheric volatile organic compounds (VOCs) is of great importance for the evaluation of potential health risks in industrial and urban areas. 1 The figure of merit of a sensor for VOCs may vary strongly depending on the polluting source. For instance, sensitivity and lower detection limit are critical to monitor operator exposures in industrial areas. Conversely, the identification of the pollutant is of primary importance in urban and rural environments due to the large number of potential sources. Quantitative monitoring is usually performed by portable detectors such as colorimetric indicator tubes, metal oxide and infrared point sensors. 2 These devices can detect concentrations down to part per billion but lack of selectivity, and the presence of different analytes may easily induce false readings. VOCs identification requires instead long time sampling, 3, 4 analytes separation via chromatography 5 and detection via mass spectroscopy, photoionization or flame ionization detectors. 5 The lack of selectivity of portable quantitative devices, together with the time and instrumentation required for qualitative analyses, are making new sensors based on the variation of photoluminescence 6, 7 and color 8, 9 highly interesting for environmental monitoring. Other interesting systems are based on the colorimetric or near-infrared response of chiral liquid crystals. 10−13 Colorimetric devices usually rely on arrays of reactive pixels functionalized with well-defined chemical groups (i.e., labels), which interact selectively with determined analytes. These detectors can be based on metalloporphirines, 9 solvatochromic agents, 14 polydiacetylenes, 15 or arrays of targets with different functionalization. 16 These systems offer simpler analytic procedures than established qualitative techniques. On the other hand, selectivity among a broad spectrum of analytes requires the evaluation of array of labels via chemiometric analysis, which makes the signal transduction possible by suitable software.
Conversely, label-free colorimetric sensing devices offer selectivity without chemical functionalization. These systems exploit the intrinsic response to the analytes of an active material. In this regards, photonic crystal based optical sensors are largely investigated thanks to low fabrication costs and ease of integration in lab-on-a-chip devices. 17−20 Photonic crystal sensing relies on the optical response generated by the variation of effective refractive index (n eff ) and periodicity of a dielectric lattice. 21, 22 These variations can be induced by the intercalation of an analyte within the structure and in principle, allow selective colorimetric responses. 21 Indeed, highly permeable porous lattices such as synthetic opals, 23−31 porous inorganic 32−40 and hybrid 41 distributed Bragg reflectors (DBRs) have been widely investigated as colorimetric detectors for gas and vapor organic pollutants. Among these structures, inorganic mesoporous DBRs are interesting thanks to their selectivity (Table 1) . 32, 35, 37, 42, 43 However, in these systems the spectral a P = polymer, I = inorganic, H = hybrid polymer−inorganic, MVA = multivariate analysis, CIA = color imagery analysis, MOF = metal−organic framework, R/T = reflectance or transmittance spectroscopy, Δn = refractive index variation, Δ(n•d) = optical thickness variation, Δλ= PBG wavelength variation.
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Research Article variation induced by the analytes is often moderate and its interpretation requires complicated chemiometric analyses. 44 This is due both to the high dielectric contrast among the components, that generates broad photonic band-gaps (PBGs), and to the rigidity of the structure, which only allows refractive index variations, preventing swelling phenomena. The issues related to inorganic DBRs, can be overcame by polymer structures. First of all, polymer multilayers can be grown by several simple and fast techniques such as copolymers self-assembly, 45 deep-coating, 46 spin-coating, 47−51 or even by coextrusion at the industrial scale. 52 Moreover, the relatively low polymer dielectric contrast allows narrow PBGs, which are necessary for the detection of very small spectral variations. This effect is further enhanced by the high analyte uptake typical of selected polymer media, which allows their strong swelling. Swelling induces both periodicity and refractive index variations, which amplify the spectral response to small environmental concentration of analytes. Thanks to these properties, polymer DBR sensors possess high sensitivity, and their color variation upon exposure to analytes is easily detectable, even by the naked eye. 21, 53 Polymer DBRs have been successfully employed for selective detection of chemical compounds in the liquid phase 53 but only few studies dealt with the detection of vapors, 21,54−56 and selectivity remains an unsolved issue. In a previous work, we reported on spun-cast DBRs made of cellulose acetate and ZnO-polystyrene nanocomposite, demonstrating the fastest response to concentration of toluene down to 0.5 ppm. 21, 57 Despite the sensitivity of these systems, VOCs discrimination still represented a drawback.
In this work, we demonstrate highly selective polymer DBR sensors without chemical labels, that make use of the supramolecular response of poly(p-phenylene oxide) (PPO) to specific organic compounds. The diffusion of certain molecules within amorphous PPO induces the formation of cocrystalline phases where guest molecules are included within the polymer lattice. Guest desorption results in the formation of a typical nanoporous crystalline phase specific for any analyte. 58−60 The different optical properties of cocrystalline and nanoporous crystalline phases deeply modifies the DBR reflectance spectrum throughout the visible spectral range, inducing chromatic changes that can be detected by the naked eye. This mechanism, together with the different response kinetics typical of any analyte, allows the effective label-free selective response. As a proof of principle, we study the characteristic optical response of a PPO-cellulose acetate (CA) DBR to vapors of carbon tetrachloride (CTC), benzene (BEN), and 1,2-dichlorobenzene (o-DCB).
EXPERIMENTAL SECTION
2.1. Thin Film Fabrication and Characterization. Before implementing PPO as active medium into the DBR sensors, its vapor induced phase transition was assessed by infrared reflection absorption spectroscopy (IRRAS) and spectroscopic ellipsometry. For this purpose, a PPO (Sabic, M w = 50 000)− toluene (Sigma-Aldrich) solution with concentration of 3 wt % was spun-cast on gold coated glass substrates using a rotation speed of 5000 rpm for ∼60s. Both IRRAS and spectroscopic ellipsometry measurements were performed on PPO thin films as cast. The films were then exposed to vapors of 1,2-dichlorobenzene, benzene and carbon tetrachloride at room temperature for 30 min in saturation condition, and further analyzed. It is worth to stress that, we collected the ellipsometric data before and after an exposure time of 30 min for single PPO thin films because time-resolved ellipsometry within a closed environment enriched by vapors could easily led to data misinterpretation due to the complicate geometry of the system, and to the long experiment duration. As a consequence, the data are representative of the PPO film after guest desorption.
We also retrieved the optical functions of cellulose acetate (Sigma-Aldrich, M w = 60 000) thin films fabricated by spincoating at 5000 rpm for 30 s of 4-hydroxy-4-methylpentan-2-one solution (Sigma-Aldrich) with concentration 2.5% wt.
The IRRAS spectra (600 scans and 2 cm −1 resolution) were collected using a Bruker Tensor 27 FTIR spectrometer coupled to a PMA50 external module equipped with a linear KRS5 linear polarizer, a ZnSe 50 kHz photoelastic modulator (PEM by HINDS), an optical filter transmitting below 4000 cm
, a variable angle reflection accessory, and a narrow band mercury−cadmium-telluride (HgCdTe) detector. An incidence angle of 85°was used.
Spectroscopic ellipsometry data were recorded using a phase modulated spectroscopic ellipsometer (UVSEL by Jobin Yvon Horiba) with a wavelength scanning range from 400 to 1000 nm at variable angle of incidence between 55°and 65°. The acquired data were fit to an optical model of the sample, in which the dispersion of the CA and PPO films were assumed to follow the Cauchy's dispersion relation, leading to film thickness and refractive index n(λ). The film structure used in the model consists of a homogeneous bulk polymeric film and an outmost layer, described by a Bruggeman effective medium approximation 61 mixture of bulk material and voids, with a lower density.
2.2. DBR Sensors. DBR were fabricated by alternated spincoating of PPO−toluene and CA−4-hydroxy-4-methylpentan-2-one solutions with concentration of 3 wt % and rotation speed of 5000 rpm for 60 s on glass substrates.
For all the DBR samples, reflectance data were collected with homemade setups based on optical fiber using a Y-fiber probe and an Avantes AvaSpec-2048 spectrometer (200−1150 nm, resolution 1.4 nm). The light source was a combined deuterium−halogen Micropak DH2000BAL.
The sensor optical response to vapor exposure was measured at 20°C and 1 atm in a closed container where a 0.5 mL of liquid VOC was previously placed to saturate the environment. The partial pressure for the four vapors in the given condition was calculated 62 as carbon tetrachloride, 11.95 kPa; benzene, 10.5 kPa; 1,2-dichlorobenzene, 0.13 kPa; and toluene, 2.8 kPa. The optical response was recorded collecting transflectance measurements using the immersion fiber probe illustrated in Figure S1 and the fiber setup previously described.
2.3. Spectra Modeling. The spectra simulations were performed using a Matlab homemade code based on the transfer matrix method as reported in a previous work. 21 For the unexposed sample, we used the measured refractive index dispersion and layer thicknesses for λ/4 condition as inputs. 47 
RESULTS AND DISCUSSION

Vapor-Induced Phase Transition in PPO Thin
Films. Figure 1 reports the IRRAS spectra of the polymer films before (black line) and after crystallization by exposure to VOC vapors for 30 min at room temperature. We focus our attention on the region between 800 and 900 cm −1 , where the shift toward lower energy, and sharpening of the peaks assigned to the in-phase (860 cm −1 ) and the out-of-phase (831 cm
) out-
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Research Article of-plane −CH wagging are known fingerprints of amorphous and crystalline PPO in bulk samples. 60, 63, 64 The exposure to the four vapors induces a shift to lower frequencies and sharpening of both the peaks, clearly showing that the crystallization occurs in all the samples. Moreover, the initial mode positioned at 831 cm −1 becomes a shoulder in the new structure, indicating the coexistence of an amorphous and a crystalline phase in the exposed PPO thin films. 64 The absence of vibration peaks of the VOCs (after desorption in air) indicates the formation of PPO films exhibiting different nanoporous crystalline modifications, which depend on the guest. 65 Identical behavior is also observed upon exposure to toluene (TOL) vapors ( Figure S2 ).
The thin film refractive indexes (n) retrieved from ellipsometry before and after PPO crystallization can provide additional information about the new nanoporous crystalline phases. The data in Figure 2a show that amorphous PPO refractive index ranges from 1.62 at 400 nm to 1.56 at 1000 nm, while its extinction coefficient is negligible in this spectral range. In the same figure, we also report the dispersion of the optical function determined for cellulose acetate thin films, which agrees well with previous reports. 48 The PPO refractive index decreases upon crystallization and guest desorption of 2.3% for benzene, 3.0% for carbon tetrachloride, and 6.4% for 1,2-dichlorobenzene at 560 nm. The reduction of refractive index can be related to the lower density of the nanoporous crystalline phases (∼1.009 g/cm 3 ) with respect to the amorphous phase (1.016 g/cm 3 ). 66 The differences between the new n values of semicrystalline PPO films is likely to be driven by the bulkiness of the guests. Indeed, the VOC van der Waals volumes (v BEN = 82 Å 3 , v CTC = 84 Å 3 , and v o-DCB = 110 Å 3 ) scale approximately as the reduction of refractive index. This behavior suggests that the formation of different PPO-VOC cocrystalline phases, and of the corresponding nanoporous crystalline phases upon guest desorption, depend on the guest molecular size. 60, 63 3.2. PPO-CA Distributed Bragg Reflectors. Amorphous PPO thin films were then implemented as the active sensing region in all-polymer DBRs. Figure 3a shows the architecture of the DBR sensing platform grown by spin-coating deposition of 21 alternated thin films of PPO and CA, as described in the Experimental Section. Figure 3b shows the photograph of a 30 mm diameter sample showing a vivid green color generated by the DBR PBG. The PBG is in turn detectable in the spectra of Figure 3c as an intense peak in the reflectance spectrum centered in the green region of the visible spectrum at λ ≈ 560 nm. The nearly perfect superposition of the spectra collected over different spots on the sample surface (see inset of Figure  3c ) proves the large homogeneity of the DBR. Furthermore, the background of all the spectra shows a Fabry−Peŕot interference pattern that further reveals the excellent optical quality of the structure. The relatively low dielectric contrast between PPO and CA, makes the photonic band gap sharp enough to allow an easy detection of minor spectral changes.
3.3. Label-Free Selectivity. The DBR capability to selectively detect VOCs was assessed by exposing three 
Research Article portions of the same sample to saturated environments of carbon tetrachloride, benzene and 1,2-dichlorobenzene vapors. The evolution of the transflectance DBR spectrum was monitored over time during the guest absorption. Figure 4a − c show the evolution of the spectra at selected exposure times. Figure 4a′ −c′ show the spectra contour-plots: the PBG (with lower transflectance value) is visible in red color tones, while the background (with higher transflectance value) is in blue tones (see Figure S3 for the corresponding spectra). Figure 4 shows that the vapor exposures induce a red-shift of the DBR PBGs with different magnitude and kinetics for the three VOCs. In the case of benzene, the exposure induces a progressive swelling of the PPO layers and a red-shift of the PBG Δλ BEN = 189 nm occurring within 1 h of exposure. In details, the top panels of Figure 4 show that the PBG red-shifts of ∼20 nm during the first 15 s of exposure (marked by + in Figure 4a′ ). At longer exposure time, the vapor penetrates deeper into the DBR inducing the swelling of the layers exposed to the environment rich in benzene, while the bottom structure (close to the glass substrate) remains unaffected. The contemporary presence of swollen and unaffected layers in the DBR allows the detection of two coexisting PBGs in its reflectance spectrum. The first PBG is visible at ∼560 nm (unswollen bottom structure) and the second at ∼710 nm (swollen top DBR) as shown by the green line of Figure 4a and marked with + and +′ in Figure 4a′ . Before reaching the equilibrium condition, the top layers have different thickness. As a consequence, the PBG positioned at longer wavelength appears spectrally broad. With further benzene uptake, the intensity and symmetry of this peak keeps increasing. Contemporary, the benzene molecules diffuse to the bottom DBR layers and the intensity of the PBG positioned at shorter wavelength starts fading. Indeed, after ∼12 min of exposure only the long-wavelength peak is visible (blue line in Figure 4a and marked with +″ in Figure 4a′ ). At longer times, the DBR keeps absorbing benzene and the new PBG further red-shifts by additional 30 nm until all the layers are fully swollen. This behavior was previously observed and modeled for the progressive swelling of DBRs made by polystyrene nanocomposites and cellulose acetate exposed to toluene vapors. 21 In the case of 1,2-dichlorobenzene, the spectral response has the same discontinuous behavior observed for benzene. Conversely, the stationary condition is reached for a PBG shift Δλ o-DCB = 257 nm within 2 h of exposure, showing that the kinetics is much slower. In this case, the vapor penetrating into the structure progressively destroys the DBR, thus reducing the intensity of its PBG within 25 min (marked with + in Figure  4b′ ). At longer time, the periodicity condition is restored and a broad structure, assigned to the swollen layers, arises at about 820 nm (green line of Figure 4b and +′ mark in Figure 4b′) . The further penetration of 1,2-dichlorobenzene, shifts the PBG of other 100 nm within 120 min of exposure (blue line of Figure 4b and +″ mark in Figure 4b′) . Comparison of the DBR response to the two aromatic vapors shows that 1,2-dichlorobenzene induces a red-shift 1.6 times larger than benzene. This effect is assigned to the high molecular hindrance of the substituted aromatic ring, which is likely to prompt a larger swelling of the DBR layers than benzene. Such a strong thickness variation also decreases the interfacial tension between PPO and CA layers, inducing interfacial disorder, and thus an inhomogeneous broadening of the PBG.
When the sensor is exposed to carbon tetrachloride, the equilibrium condition occurs on a much longer time scale than for the aromatic homologues. After 2 h in the carbon tetrachloride environment, the intensity of the band gap assigned to the unswollen DBR fades (green line of Figure 4c and + mark in Figure 4c″ ), while the PBG arising from the top swollen layers increases in intensity and symmetry (blue line of Figure 4c , +′and +″ marks in Figure 4c′ ) and keeps evolving for ∼30 h. Globally the PBG shows a shift Δλ CTC = 235 nm.
For the sake of curiosity, we also investigated the optical response of the sensor during exposure to toluene, as reported in Figures S3 and S4 . Compared to the other aromatics, the spectral evolution is simpler and is characterized by the presence of a single PBG monotonically moving to the red part of the visible spectrum. Here the PBG peak, initially centered at 560 nm shifts monotonically until 740 nm in about 1 h.
The selective optical response of the sensor is clearly represented by the insets of Figure 4a −c, showing the actual photographs of three samples before and after ∼40 min of exposure. The sensor exposed to benzene appears initially green while, after the exposure the color changes to a vivid and bright red due to the PBG now positioned in the red region. Differently, Figure 4b shows that when exposed to 1,2-dichlorobenzene, the sensor appears reddish with a much darker tone compared to the previous case. This difference is attributed to the formation of a swollen structure with a spectrally broad PBG positioned in the near-infrared part of the spectrum. Figure 4c shows that the color of the sample exposed to carbon tetrachloride changes slightly. The sample surface appears green with some reddish shadow. At 40 min of exposure, the slow response of the sensor to carbon tetrachloride vapors allows the coexistence of two PBGs: one in the green region assigned to the unswollen top layers of the DBR and a broad one centered in the near-infrared interval. These differences are also highlighted in Figure S4 , which reports the evolution of the spectrum of all the samples within the same spectral and time domain.
3.4. Long-Term Response. All the spectral variations observed in Figure 4 and Figure S4 are due to the formation of different PPO cocrystalline phases with the different guests. 60, 63 This is also reflected by the long-term optical response of the sensors showing that after guest desorption the DBR retains a nanoporous crystalline phase. Figure 5 compares the calculated and experimental reflectance spectra of a DBR collected before exposure (a) with those collected after guest exposure and desorption for 24 h in room condition of benzene (b), 1,2-dichlorobenzene (c) and carbon tetrachloride (c). As mentioned above, the DBR initially shows a PBG at λ = 556 nm with reflectance intensity R = 55% and typical interference pattern (black line in Figure 5a ). The data are in full agreement with the spectrum calculated for a DBR with thicknesses of 91 and 96 nm for the PPO and CA layers, respectively (green line in Figure 5a) .
Independently of the VOC guest, the PBG does not return to the initial condition after exposure and desorption of the guest. When benzene is desorbed, the band gap intensity is indeed reduced to R = 36% while its spectral position remains redshifted to 584 nm (Δλ = 28 nm, black line in Figure 5b ). The interference pattern in the spectrum is well-defined, indicating that the initial optical quality of the system is unchanged. The reflectivity data collected after desorption are in full agreement with the spectrum calculated using the refractive indexes reported in Figure 2 and considering a swelling degree (S) of the PPO layer thickness of 8% with respect to the pristine films (Figure 5b, green line) .
Conversely, after 1,2-dichlorobenzene desorption, the interference pattern is irregular and has low intensity. The PBG is strongly shifted to 639 nm (Δλ ≅ 83 nm), and its intensity approaches R = 22%. Moreover, the peak is characterized by the inhomogeneous spectral broadening induced by the strong swelling of the PPO layers detected during the exposure (blue line of Figure 4b ). These features indicate that the bulky molecule strongly affects the photonic structure even on long time scales. With the green line of the same Figure, we report the simulated spectrum for the structure. The strong disagreement with the PBG measured experimentally confirms the disruptive effect of 1,2-dichlorobenzene on the dielectric lattice. On the other hand, the peak intensity and its spectral position can be well captured by the simulation (S = 28%), thus confirming the reduction of the dielectric contrast within the DBR. 
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Desorption of carbon tetrachloride induces a PBG with intensity of R = 33% positioned at 577 nm (Δλ = 11 nm). The spectrum is in agreement with a swelling of the PPO layers equal to 6%.
Comparing the data collected after VOCs desorption with the IRRAS spectra of Figure 1 and with the refractive index variation of Figure 2 , we can reasonably conclude that, on the long-term, the PPO layers retain a crystalline phase with nanoporous character having lower density and lower refractive index than the pristine amorphous films. The PBG positioned at longer wavelengths with respect to the initial condition also confirms the presence of porosity typical of the nanoporous crystalline structure indicating the irreversibility of the process. The low density phase has indeed higher volume and thickness than the initial amorphous layers. 64 The strong red-shifts observed in Figure 4 for all the VOC guests can then be attributed to two phenomena: first, the formation of cocrystalline phases including guest molecules and second, the swelling of the amorphous phase already observed for other systems. 21 3.5. Selectivity Mechanism. To better illustrate the phenomena occurring within the DBR, Figure 6 schematizes the processes inducing the behavior illustrated in Figures 4 and  5 . When the DBR is exposed to an environment rich in VOC vapors (A), the analyte penetrates within the structure starting from the layer contacting the environment rich in VOC and inducing the swelling and crystallization of the amorphous PPO top layers (B in Figure 6 and Supporting Figure S5 and S6).
The different degree of swelling interrupts the DBR periodicity resulting in the coexistence of two PBGs, as observed in Figure  4 . At longer exposure time, the analyte penetrates within all the DBR layers causing the disappearance of the PBG assigned to the unswollen structure and a further red-shift of the PBG assigned to the swollen one (C in Figure 6 and +″ marks in Figure 4a′ −c′). Once the VOC vapors are removed from the DBR environment, the guest is desorbed within 1 h in room condition (D in Figure 6 and full kinetics in Figure S7 ). After guest desorption the PPO thin films retain a nanoporous crystalline phase having different density, thickness and optical properties than the initial amorphous phase. Indeed, the DBR PBGs have different spectral position and intensity than the starting samples containing the amorphous phase ( Figure 5 ). The different response kinetics of the process for the analyzed VOC vapors, together with the different spectral shift allowed by the analyte generate the fingerprint response typical of the investigated molecule.
Notwithstanding reversibility is usually advantageous for a sensing device, the low material and fabrication costs, joined to chemical selectivity achieved without using any specific chemical label, might make these easily readable sensors viable for high technological readiness level devices. Moreover, the irreversible nature of the PPO phase transition allows label-free selectivity even to vapor of molecules with very similar structure.
To better highlight the capabilities provided by our proof-ofprinciple PPO-CA sensor, Table 1 summarizes its characteristic and compare them with those of photonic crystal sensors recently reported in literature. Beside the mechanisms allowing selectivity, the table also focuses on fabrication processes, transduction methods and low detection limit, already discussed in the introduction.
We can distinguish three main selectivity mechanisms. The first includes devices based on the use of arrays of labels, which provide selectivity trough chemiometric analyses of the optical responses, 25, 28, 33, 42, 67 or on more complicated optical techniques such as fluorimetry. 26, 31, 33 As discussed above, these labeled systems suffer of complicated signal transduction methods.
The second mechanism is based on the PBG spectral shift induced by the variation of either the effective refractive index 23, 24, 27, 32, 35, 38, 43, 68, 69 or the optical thickness of the photonic crystal. 28, 54, 56 Because of the similarity of VOC refractive indexes in the vapor phase, these systems suffer from three drawbacks. First, to allow detectable responses, the analyte must condensate within the photonic crystal porosity. Second, being the response of the system related to its effective refractive index, which in turn is a function of the volume fraction of the photonic crystal components, the void volume must be maximized, still allowing capillary condensation. Third, disentangling analytes having different refractive index could be complicate within specific concentration ranges. Indeed, low analyte concentrations may not allow significant optical variations. 69 Moreover, low concentrations of an analyte with high refractive index induces the same optical changes of large concentrations of another analyte having a lower refractive index value. 70 The chemical selectivity of these system can be improved by including a size-selective materials such as a zeolite thin films in the photonic crystal, 43 by analyzing the combined response of two or more DBR having different porosity or periodicity, 29, 36 or by introducing different variables (e.g., temperature) during the sensing process. 34 These approaches 
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Research Article enhance the selectivity but make the signal transduction more complicated. The last selectivity mechanism reported is the one used in the present work, and is based on the different chemical and physical affinity between the photonic crystal components and the analytes. For instance, the response kinetics can be modified by introducing free volume within a polymer DBR using nanocomposite matrices. 21 These differences allow a diverse permeation kinetics which, together with the spectral shift induced by the analyte provide selectivity. In this case the permeation kinetics and the PBG spectral shift are induced by a variety of parameters including the analyte molecular size, the chemical affinity between the analyte and the polymer media, the media free volume, eventual phase transitions, and many others. Beside the present work, this mechanism has been reported only few times. The first example is represented by a SiO 2 opals infiltrated with a poly(ethylene glycol) methacrylate (PEGMA) gel swollen with ethylene glycol (EG). 30 Here, the analyte can diffuse into the gel or extract the glycol with different kinetics depending on its polarity, viscosity and chemical affinity. In another case, three porous silicon lattices stacked one on the other, and having different porosity, allow different permeation kinetics of the analytes. 36 This mechanism offers unique responses to pure analytes, which are obtained by a simple reflectance or transmittance measurement collected at a determined exposure time. In our case, thanks to the strong optical response typical of polymer DBR, this mechanism allows to recognize the analyte by simple naked eye investigation (Figure 4) , offering the simplest selective signal transduction reported so far. In principle, the different affinity and diffusion kinetics of the analytes within the phase-changing PPO layers might also allow to identify a single vapor analyte within a complex mixture of vapors using a proper library of dynamic optical responses, but the analysis of mixture is still an open issue in the field of chromatic sensors based on DBRs All-polymer DBRs based on phase-change active layers, such as those demonstrated in this work, can indeed pave the way for new generation colorimetric sensors with broad selectivity, that do not require any complex instrumentation, and can be detected even by the naked eyes. Such sensors would enable extensive and constant monitoring of VOCs pollution in offices and households directly by the end users.
CONCLUSIONS
We have demonstrated a proof-of-concept all-polymer DBR sensor able to distinguishing benzene, 1,2-dichlorobenzene, carbon tetrachloride and toluene via colorimetric detection. The phase transition of amorphous PPO thin films into semicrystalline nanoporous phases induced by the absorption of VOC vapors allows DBR sensors with label-free selectivity. During exposure to the different VOCs, the DBRs show a very dissimilar optical behavior, also detectable by naked eye. Notwithstanding the lack of reversibility of the detection system, the low cost materials and fabrication procedures might make disposable device viable from the economic point of view. Moreover, the visual colorimetric response of the sensor, which does not require any signal transduction, could potentially make these systems effective safety devices suitable for untrained end-users for monitoring of air quality and of VOCs leakages, also allowing constant and extensive pollution monitoring in industrial and urban areas. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsami.6b10809.
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